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PF HACNF.TIC D.5SICN FOR THk: 4MA REL’ERSEO FIFI. D PINCII EXPERIMENT CPRF*

Robert F. Gribble nnd JOIIII D. Ro,qers

Loa A]amofl NatiO[lal Lnhora Loty

Loo Alamnm, New Mexico FI?54!J

INTRODLCTION

ZTH in cc reach 2 HA by inducc[ve energy trarrmfer

in 0.115 s , ol lowed by power supply ramping to 4 MA In

0.4 ❑ . Major and ❑ inor radll are 2.4 and 0.4 ❑ .

Copper for the pololdnl field colla wclghm 48 ❑ etric

tonnes, the one-turn ●quivalent ohm[c heatln.g (OH) coil

Ind,lctance In ].90 I.IH, and the OH coil ratlrrg is 15.4

PIAT, 2?5 ttJ, and 29.3 Va nt 60 kA. The nomal

optratirrg OH current 10 50 I.A. Oenlgn of the coil for

60 kA provides a rnarsln for uncerralrrt lea.

Otl coils ● re connected in ●erlta and the comblrra-

tion in connecred in pmrailol with four aquillbrlum

flol.1 (tIF) coils. With optimized location of ● ll

Cohn, thin connection providee decoupling betwaen the

OH ● nd EF coil aeta on that the chan81nR OH current

does not affect EF wlIIdlnR curl’ent.

DES!GN PIIILOSOPIIY————.

Tha ZTH I’F cull nrl-mllg_m nt and clrcult In ● lmllar
T

co that of chr RI’X ● xpel Iment , nnd ●c~ually Rrew from

the original Padovn ● lr core dea[gn proponed for the

Britlah RFX. In tllfs concept the OH and EF colla ● re

collnrcttd In parallrl and located an that che two aetm

al-? decoupl~d, and the EF roll Induced currencn art

d[rectlv prnportlnnal t,, planmn current with ● magnl -

tudc ro provldr an Inltlml pn~~lve ●qulllbrlllm. Poae r

req{ll red !nr ●qulllhrlum control II, thin desl.qn la ml-

nlmlzed, n rliflllly im~~<>!tnltt rrrnmlderaclol) fur tile fant

rlnerlme of 7TH,

Trlr Padovn C(>llcrpl [n nlmilar to thr orlfllnal

Dnuh:et denlnn, WIIOIC, Wltl) oroper placemenl 01 Oil

Crllln find a palall~l cnnnectlcn of FF cnlln located

c lone to tl)c nhnped vnr IIt InI veaael , the dcnired flUX

aurfnce ●l)npv W)n nl](a [nrd [Irrm the Cr cnll induced

r-llrrenra. Ill tllr iimll ,lf VI”ni~hillR C1l[l remittance

tlliq Ideal R@omctrv WOIIIJ plemerv~ the deslrad flux

● ill race fnl all Ltm- h~rrrsmne wltll ?qunl turns ● ll coilm

m,lnt hmve and maintain tile ●nme flurr, Independent of

plnn,na current. IJlt,h nouzern refilmtnllce a!ld op=n t?F

Cnllq, Cllr 011 r-olla mtlnl bc aituat@d no that the rrll

f’,,x r?tutllm ntI[mt Ilu tlte tnrnldnl nr~a encloned by th?

FF [Otin tn PI* VPI1l difrllniOll llito thin area nr 011

flvldm, ●lt-riug th~ f[IIX surface. Ax planmn cu:rent

lncl. nneam Inrtuccri Et’ roll culr?nta due only tn plaama

flil~ cl IaIIgmm mslnt.llnr,l tllr flux surface. Sma11 powr r

sllppl IQR rompenaatecl fnr r~mlRtlv~ dropo, and in

adrfl~lonl Warr ucl~,l Ln pt{)durm ,>m/t 1 I chan Rrm In tllr

flu~ aulfnr~ nhrlpe.

I%e RFX I!F cnlln ranlo~ h= Iorntcd nn tll? vact]tlm

v-nn?l (lic~r) ll@[n~~~@ of tlw mh.,11 am-l TF Cohn, hilt

t l)!) nam? I)nuhlvt Id?a la achi~vod Ly nlllftir. A rh~ clr -

c]- nn which the EF .-oil - mIP Iornt?d :nward~ no that a

f 111X nulfncr cIIi 111~1den wI III tlIP Ilrlrr. 7TH apo,-:flcn -

t It)llm OH L[>ttlltlal ftcld (ri~ t. I:c I aud rtlag,lnn[lc

● ct, *nm pl~v~llt pl ,11,*III PIII ,11 a~ly I}nl ‘ nf 411 I:F r-nl I

rl, )nrr tllnil 10 rm (Itlm ,110 llIIrJI wI(II lllr I@nlllr tllnl

I[lcdtll)ll t>f P,F rulin (,.11 n ❑lllft\*ll rllr]e ntmllal lt~

tlllrl of tll~ MFX rio~l~tl Wfl,llll I rrliil II II 11 tllln[t,~l,tnhly

Intum 011 Jlll(l EF ~lltI ~ljtlr[M!lldtl~.tl. TIIO at)ltll ICIII t!>

tlIe ZTII mnRnetlcn (Inn 1#1, Ill,,l,lvm Im rhr tln O ,Ir n

111)1111!0,,,11 Ibtlmvll ,Sri I 0111 Imlrl, l Ill U)HIFllll tlInt mlmtllln-

+
H,lk I!,* I l,,lfn’,b,l Illl,lfll I Ilr rltl~l,l>,l.u ,If t Il@ 1,,:.

l)v,b~tlmelll IIr t,nt.l:, v.

neouaty placem 011 and EF colla to minlml?e bnth rquill -

br[rrm power supply and coil comta.

ZTH NAGNETICS DESIGN CONSTRAINTS

There are many mpeclficatlonm (ccwrotralntm) that

~troufjlv influence the ZTII ❑agnetlca dealSrr. Tlir

●ffecto of ❑ oat of the con.mtralntm a re not mutually

●zclualve. Some of the more Important conatralnta in

rou~hly the order of impact ● re lln ted below.

1.

2.

3.

4.

5.

60

7.

0.

Programmed current chan~em in the OH and EF colla

must b~ capable o. generating a 4-f4A plaama cul’-

rent rralng reaaonablt mnd~la for plaama pa rarer -

tera. Thin crlterlon redurem principally to npec -

Iflcatlorrs on the planma current rioatlme and

available vole-secondn In the (JII colla.

The dlaRnoatlc ●ccena m,lot he adequate. Th ●

orlglnal speclflca Lion that there be cleur arcenri

to the liner horizontally at the rnldplane and ver-

tically ●bove ●nd below the minor axla Wnm too

exp-nmlve for the ●qulllbrtum control nystem. nl ●

compromlae allown 25 cm above and below the

mldplane lookln~ horlcontally in flom the outside

of the tnruo and 2,5 cm nbout the mtnor axis

looking vertically.

Hnxtmum rndlal dcv[atlon of tl]e flux surface at

th- lln~r In !5 mm. T~,is Ilmlt Is Imposed to con-

trol plaama-wnll lnteract~nnm and ●roalon of tile

graphite armor. He,r devlarlon (d) In d?flnrd as

the gl’eatent radial diatancr flom the Ilnwr to tl]-

larReat flux mul, face within tl)t Ilrr@r. 111P

mpecificntlnn of f5 mm nhove In ●quivalent to n rf

va]ue of 10 ❑ m.

Thr nlca of the rsdlal fl~ld err’uk In tl)e toroldnl

flrlri ia sp~clfierl ns n fullctlon 0[ th~ tor01dr41

mode number to cnntlol ma~netlc lalanri nlcr nt tile

reversal aulfacrm

Th? COll vol tnRP and Cull erlt munt bc wlthln

bn~indat’leo a?t hy collventll~,lul hlRII voltan~ and

#WitCtlillg tl?ChllOtORy.

At plnnma lnlt[ntion the[e m,lnt h~ n field null

n@ar the axin and ctl@ f lel~l till’ouRtlout tllr! vactitlm

venael must ne lean lho II 10[) [:,

A atturtwl P to nuppott rI)lln aIId lnad a~aemhly

❑ unt he low romt, ●nny t (1 ansomhl r+, aurl allow

❑odular placement or rnlln.

Uithln all ntllrr ronmtralntm. the totnl coat nf

th@ Cnlln, awltrhgent, and l~ouer ❑upl)l Ipn nlln~llfl

bm mllllml~~d.

TIIE 7TH HA(:NETICS t) ES II:N COt!Pt(f VIISK-—-—.. .—-.———— . .--..—

Thr apPrlflcatlnll that munt lnflu~nr~,l thr rl?mlm,l

of ZTII la th~ rlm-tlm~ l~!l(llrr.mo!lt of ah[lot 50 mm nrl n..

lnR from ap@riflcat loll 10 SrallltK r~mwltn flnm ZT-li(lll

dhnw that th~ liaetlm~ fnl Ill(lllr! Ivo r$llrlay tllrllnf Pl

a IIOU I d h- FLn faat nm rP.IPoIInhly l,(~n~lhlr t[t I@dIIc? tllo

conaumptlnu nf polo ldnl flux IQII II II PII to r~nrl, 2 HA.

Be[nllne of 1)10 fant cuttmnt IIM*, p,Iw~I Ilrrrnnnly tn

c!)II! It)l PqIIl l[hr I,un dtlt lIIfl !110 1 (mm (mt)(ln r(~ he vt. Iy

lalgW ilnl~an tile l~(llIhl@l e,lllll Ihl l~lm mrlb.m,, Im Pml,loy,,,l

#() III*1 ●tli)l Ilhl II)m nlll,l,l I cm (Illlv ( omlbrllmfllv fall

tenlmt Ive lrInn Pn nnd IIII)vlIlt, nmilll a!llllalmrtlln l,) all, )w

fl!l Vml Ifill(lllm r)f !Illolllril plnnlll, @llol#v, It I Ill.

I Inrt Imm WI+III arvvftil VVI,,I118111, tlIII Ihltll,lnf mg,l)vmr WI 1111,I

11,)1 hr llul, PPnill v lla,,~nll,ln VI: dl,rl~y ,$!)11 I !1 (1P .o!ll, pl Ir!l

t,vrl t 116 I,$IIHOI t Imv Wllll II,IU,SI ❑II IIpl l-n ~lr m,b(lv-1

.tIru. A Ila!ll(lr!lll,l hell 1’1 m<lj{l)a,l II n I,tlllf Inlll II [1)11 roll



ZTH with 50 ❑ s rl.metime

of ●quill hrlum power.

MU of ●quilibrium power

HA planma current. An

over one that Is not i9

would tequlre mare than 600 tfU

The cho~en Reomecry require8 )6

to reach 2 MA and 71J MU for 4

ndvancage of a decoupled eyetem

that the OH and EF controls are

independent of ●ach other.

A 50 ma rtsetlmc requlrea about l-kV loop voltage.

To mtay within reasonable acate-of-che-art technolrrby

of large coil fabrication and switching (nneclflcation

5), tha maximum coil voltage should be llmlted to about

50-kV, Hence the number of OH coil turns should be

about 50. But olmulmtiono ●rgued the need for more

than 10 FfA-turne in the OH coil to obtain required

volt-oeconds or wicll 50 turns the OH coil current must

be about 200 kA, a value too Iar,ge for premently

●vailable, reasonable oat, opmninR awitchem. The

solution to this dilemma, taken from the Padova RFX

dcolgn, connioto of four Interleaved coil necrionn in

●eriea, wilh each mectlon made up of 64 OH turns in

parallel with 6.4 turns from each of the four EF coil

palrm. The number 64 was a comprmlae in ❑eeting the

cnnatraintn of che de~tan,

The combination of nprclflcarlons 2 nnd 6 forced

the aelectl On of che number and SIEO of the TF CO1lM.

b/lch f,8 C0i18, ● ccena wan nufflclent but the mean ❑ inor

cull radiun to met: .mpeclflcmtion 4 1s 60 cm. Becau.me

of tht large radius of tl]e TF colln and apeclf[catlon.m

2 and 3, che EF coil.m could not be placed clome to the

liner, ●nd almp]e methndn fOr locattna EF coils to op-

timize coupling mnd panslve equilibrium from Induced Et’

currentn could not be ●mployed. An advantage of the

outward location of the EF colln 1s tha L fewer sre

needed to meet npertflcimt ion 3. OIIly three coil pnlrs

could have been used. To improve tile capnbillty of the

●qujllbrlum contr(, l svqtem four paira ● rc uned.

There ● te apveral Important connequenct=n LO the

placement of EF COllm relatively far from the llnrr

compared tn the Irlelll locr. tlon on the llnrr. The

Brentemt jlsndvantnge of the i!Tll EF coil lncatlrrn in a

nollnegll,g: ble Incr*nae in 011 coil alld ●nergy myatem

crrnt over an Ideal crrnflRtlrntion, b~lc ● algnIflcmnt ●d-

vmnta Re l? the recluctlnlt in the size of EF CO[l~, A

Iar,qe leakaRe Indtbctance result.m from tllln F,F cntl

Inrntlon tllmt redtlren Lhr ZTII transfer ●fflclency to 60

per cent of the Ideul m~ximum value, requlrlna a ho per

cent Increnne In OH coil volt-meconda ●nd pow8t over

chat rOr tile Ideal R~t}m~try. The Iamkn Kr lndilctance

nlno redtjcen the Ind{lced ampere-tutna in tl}r EF culls,

n nd for ZTII thlrn rrductloll renultn 111 forc?m rrn the EF

colln thnt are len8 thnn on--half that for Llle ideal

cOnflRuratltjnm An n ronnequencp, the ZTII RF cniln ● rm

smaller allrl require IQFIR @quill FrI lum powrr to Oupply

r~aletive Iomnem rom~)nted to thp ld?nl geometry. ZTII

RF crIlln COLIIII provld? •!l~)illhrlum fnr a plnnm- currant

of 6 MA with addltlonml ntlppnrt a,qalnat hondlnR.

S~l@rtlon of the planmn mmjor radium required ❑nny

it@rative calculatlolln LO nnttafy Lt!e npaclficntionn.

It would hnv? b-en den[rahle to ralculatc ●rcrrrat~ly

thr tolal exp-rfrx~nt conl an a functlou of majur rartlum

n, mu ( mnlly functlnum requirpd fol 1111.4 calculation

alP dlffl(ult tn qllrlllllfvm FOI ●Rample, tl)r. ●ffort I-

qulr?d tn demlgll tl)r roll and load anmcmhly t?iid to 111-

rIonnP wlrh fterrrnmlnn R hIit l!) qtlnflt lr,~tl •t~pn, A

Ivrnllt ntt?mpt 1 II (I,,i-lrllnr R ftilm 2.4 m WIIIIlrI I\nvr

rntlm=d ltltmtf*tol\(,* I)mrwvrl) ‘1’F t,(~lln nltcl I Ile mttl,1,4vrt

11111’: hvlr,l.1, trq(lll IN14 n dirf~tlllll nllal m,ttr r~l)vonlvm

mll!lrllllom

i)pI.vIl,lH mwlt,. li lnl I,IH Illt,l 11,~ Utvnlt.m{ -rfvt.t ,111

I 118$ ,Irtntmltlnl I,JII (11 H. Vr)lt-m,, r., )11,1)1 l,lllfl!ll,l,,,l hy Illr

Illnnmfl ,1111 IIIH 4.111 10111 Ilme pll)hnhlv Vlll iPN ,Illol,tlv

Wttll n, ,l.l~l lot 11, mllol Mv IIllllnfrl of rlt, lelll, y 1,1,, 1,11, lar,m

with R to J power allghtly le~s than one. Optimized 0}1

coil lnd,,ctance varlee approximately ● s R (OH coil) co

the 3/2 power. Combining theme npproximatlonL leads to

the conclualon rhqt the required 011 coil current varie.m

roughly aa I/R, a result with Imprrltant implications

regarding ~penlng nwlrch rating, At the onmet of tile

ZTH magnetics design t!]ere waa one proven opening

awicctl deslfln of reasonable coat rsted at 25 kA, 50 kv.

Teatlng of two of theme awltchea In p+rallel for a 50

kA rating had been per fohmed succeaafully at Lon

Al amos. A T> kA switch is leaa reliable than the 50 kA

ceeted ❑witch and charactarlatlcc are not fully known.

Selecting the ZTH opening awltch rating at a nominal 50

kA ner the 011 COI1 inductance and hence the OH coil

radlua. The value of R then waa decermlned by the

mpacing required for EF ●nd TF colla and acceaa speci-

flcat ione.

PF COIL OPTIMIZATION

Equilihrlum power of the original ZT-11 conceptual

dealun la ●xceamlva ● t even 2 HA. A procedure is

required that provldea:

1.

2.

3.

4.

5. .

Low mngneclc flald In Lhe lln?r region frum the OH

CO119,

Oec.oupllng of 011 and EF colln no that induced EF

currbntm are proportional only to pl.msma currant,

Smaller EF curreU1t8 for reduc.sd force8 leading to

rea.monahle coil utze,

lnauced EF coil current dlatrlbution that meet

flux au:face dcvlttiuu speclftcac (ona for a

❑peel fled Shafranov value, and

A cnil arral:ftemcnt that mretm tile dlamnostlc.. ..
acce09 sp-clflcatlon and allowe a reaaonuble

■ tructul-e,

Sepnra(e optlmlzmtlon of 011 nnr! I!F COIIS does nut

yield thr required decoul,llng of the two aeta. Both

munt h~ opt Imlzed nlmultnne.oumly. It would he

d~alrahle to mlnlmlre only one functlrrn (r?nld,, al), the

tctal comt of the experiment . But opLlmlz@r rouiinen

tllat mlnimlzc tlla num of aquaren of rrsldrrnls drrea nnt

work, implying that wnrklrlR f~nly with the tntal cost

alnn will not work, A !inear OptlmlCQr ~OeB ‘lOt work.

Nonlinenr !~ptlinl~sr rr-.ut lIIon tllfi” mlnlmiza only one

rea!dunl 11. IId to Net #tuck In tl)ti mace 01 valleyn nnd

bayoun of tl:e llypr. rmpare of the mnny varlab~ca.

The nonllnenr opt[rnlzmr nutrluut!n? that rrbtmlnn

nmtl~fylnR remultm, wrttt~n hy KCI1 Klnr@ of Srollp :: Tit-L

mt LANL, In n modlfi~d Gnums-i{ewtnn ploc~dure that

opernt,em, UnlIIR bnth ,Incolltnn a )rl Ilpnnlan mntrlcem, rrll

●ll uf tl)etrmidunls slmuitmrreounly. ~he modlficatlonm

Includr! the addltlon nf a Ilouk ceatule t)Irrl allow- tl)r

routlnr to byl)mmm .Imrohlan mlllR\llnrlcy dlfflculti~m.

Prevlrrumly tried optlmizr! Ioutlne, j ar? ullnfit19factnly

becaunp molu I ION rem[duntn and varl~hl~n depend nn tl)?

Inltlnl valunn and rpqulie mnl, y dlffarcnt tt#rLll~g

polnrn to npploarll tllr hcnt Irr-llut 10II. TIIr Klrrrp

rrrutllw nrrivvm nt tllr ncmr m,,ltlttolt for 4 WI(IP

of

lmllHe

atattlng va]uen, n rcntllt tllnf prnvldmm ronfld~tlr-

tllml (h? n~)llltlnll fm LIIn hem! p(lnn~lllP for t 110

r{ltlmtralntm of tllo ploblc. mm

Al,out H() I)rII vm!lt ,); tile nit! ,m17mr pr#)Ernmm @vnl\I-

al, d ‘ Ile f?.mldu)llq, nlkd m, ml 01 Il)e temt wa* tl!m

Orizmr

np, 1-

m~llll t>tilf Il)t,, TIIm pt,!~kttm un~ t\IUI III Mev Ptal rtlf -

rrI~Nl II)lmn wlrl) I ) !U 211 vnrlfihlrn. Illttinlly n Vul

,, r lh 1]11 ,011 I,nltm (,l,tqll,e,l n rirl(l wltll[:i tllr III,,,,

(}f Ipmm tl,,ll, I ml’. 11,1( lIIlpIIPnVlIIM wnn Jlfftclllt .mIl,l

r lIr rrlnf ,11 111 ~l.t~ ,,r I,,, mll,l M f,,, (nh, [,.,i I Ir,,, Wl,lll,l

llti VV llP-II 111, ) P!li%Pll UI VP. Mtlll I n ,Ilt, pl+l ●et !)r 1’)

vni Inhl*m tilbul b’) W,, lHIIt Va Ianl,l(lnl., [I I,, ,11)1 lm;r~l Itl)-

[alllm,l II tI. nnOIIt,lltl* ,.,bm~,t,lmlmr :I)iul mot IIld al#fll. ltl,l,-

1 1111111 Wllll IIllly ‘1 (Ill ,, (,11 Iii, lirl.



Figure 1 mhowa the CO[l Iocntfon#. Variables a re

t he radius of coils 1 throuRh 4, nnd 6, the height

shove the midplane of coils 2, and L through 8, nnd [he

four EF CO1l induced currentm. The radiun of CO1l 7

●nd height of 9 ● re flaed hy acceam reqt, irementn.

Because the oprimlzer tendn to Increase the radius of 5

beyond thar which fica througll che torun Imll door, its

radius to fixed. Similarly, the helgllt of 3 is fixed

because the optimizer wishes to locate it where it

inter farn with the rOru.9 hall crane. To minimize

leakage inductance, coilm ~ and 9 are placed •~ clome

to the TF CO[l an tolerance requirement@ allnw.

The reslduelo are:

1. ❑agnitude of B reoultlng from 011 COII currcat ● t

23 pointm on the liner,

2. variation of flux due to EF and planma currents at

23 pointn on the llner,

3. varlatlon Ei- and planma current flux at the RF

Coil*,

4. varimt ion of the ●lements of the flrmt column of

the inductance matrix from a apeclf ied input

pnrnmeter, the dcsll’ed OH value,

5. four Cuupl inR coefflcientn between OH ●nd EF

coils,

6. difference hetwe~n Induced EF currents and tllooe

requlrrd for mlnimurn deviation of the flux eurface

● t the liner,

7. differenr~ brtwrcn induced EF curl*nla and ●

specified dlmtrihutlnu,

8. two penalty funet[ons :0 prevent t h- optimizer

from cnuminR ntructure problemt by placlng coiln

2,3,6 too clone t,] enrll other.

The redundnnclem in nomr of tll@ IemiJunl functionm

a re necrnnfiry, Trnn~fer ●fflciel]cy Is rnpproximat?ly

proportional to the 011 coil inductance of 4 ●bove,

TII 1s parnmelet in m~ Iarfre aa pomnlble In the

complomlne to meet tllv npeclficatlonn. For calculatlna

the flux murfacc devlittlnn, (d) the plamma curreot is

r*pr@cented an a slIIHlr fllmment loc JIt Pd tit a radium

●q{lnl to 1.003 R. Tliin Iocnt inn lx cllooen to obtain

thr lannt d with RF COII c~ll’trnte thfl! pcovlde an ll\deR

of nhout 0.3 and a vrrllcal field (Hv) ralculatecl from
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CIIP Sl)afrmnov formula fon A ●qunl j,> -0.]. A nol(lt inn

of the full Grad-Shafranov ●quillbl urn ●q!lntiono con-
4

firmed the adequacy of tile appIonclI . TIIC immobl le

minRle Wirp plna~a repreeentnc [on provides the be~c

tent of the capability of the EF CO[18 ccl form n

❑inimum deviation flux surface. Effects of rlle nllell

●nd liner on flux surface devlatlon are not Included.

The inductance matrix ia calcul~[ed with the liner
fnrced co be ● flux surface. Renldunla ? above are

uoed to reduce current in tl]e outer EF coiln to minl-

mt;e forces and hence aiz~ of theme collm.

RESULTS OF TIIK OPTIMIZATION

The Cause-Newton-hook optimizer rout[ne uorka ao

●xcraordlnarlly well that It not only aolve$ the re-

quired problem but also allows the reductlun of tlle

number of OH colln to five pairs, simplifying the

mtructure and reduclna the total OH COil cont. The

greatenc optimizer weight in placed on decoupling mnd

●chlevinE pasmive ●quilibrium at the initiation of

planma current. Thin weigl)ting and the reductlnn of

the numhr of OH coils does not uhtnln an iliE.1 low

value of remidunl B field witllln tl,e Itner due to 011

COII current. Fttiximum calculated R within tlle llne la

10.4 mT. However, with 262 amperes In the trim coils

at initiation of planma current , the hexnpol? null

ellown in Fig. 1 is obtained.

Coupllng coefficients between t?F ●nd OH colla

vtricn from l.E-fI for EF6 to I.F.-/$ for coil EFtl. Theme

coefficients, which ideally ehould h- zero for completr

decoupling, cra unretLintlcally mmal 1 hrcaune of
tolerance ●nd nun ideal Wind I Ilg ●ffects. I,lduced RF

coil culrentn cauned by plasma current are wtthln a few

~~,c;:;:on!: “’0”0
p? r from a Grad-Sllnfranov equilibrium

. .

Table 1 liatn ●ensltivlty furtola for ● rrtrrn i 11

coil fabulcatcd rmdlum or In plncrment, TIIQ fltnt 9

ruwm arm for ● 1 cm incraaae in coil radium alltl t ho

laat 9 ro<a are for ● 1 cm incr~nme in h@lRllt loratl<,n

●bove tllc mtdplsne, all taken one nt a timr. Tl)e fllnt
4 columnn ● rm multi pll~rm o f the dPcuul,llnR

coefflcientn, ●nd Lha next 4 columnn apply similarly tn
t 11? cowplirru coof(irirntn between F,F colln and pinnmn.

TII? Iant two columns ate multlplleln of th? rrnldunl fl

within tile Ilner due to 011 CO! I r(tlr~!lt mn(t mtlltlpli?tm

for [ILIR nurfnr~ devlat!on. FIJI c~nmple, If Khr Iadlun

of cnil 2 (o lnrlenmpd hy 1 cm t)vet’ the deniRn vnl!w,

th~ decoupling cwfflrient wo~lld cllnrl L@ nlflll anal i 11-

creaae in m.aallitud~ hy ● factor u! hfih. Slmllarly, tile

coefficient of Cnullllllm betweori illamma and c-oil h

decreanrn 1 pOr cQtlt,”’ m+i Rnltude {~f B willll,l IIIW

due to 011 cwrre!lt increnmem 10 P*I cent, Iuit

aurfac? d?viatlon dn?n not chnnflp.

A 50 per cent Iucrmane Ill n Wlthlll (11!=

heraune of ● I cm ● lror IN thr radlun or c,JII 1, I
nffaet by lnltlfil tllm Ctlllrlll . ohvl(>un] y

d@coupllllR fartora nr~ m,)nt ewl)nitivo t,, colt ●

I IIIP1

flun

111*I,

all hr

I Ilr

Iolm,

y?t “tll@- ●qul Ilhrlllm a~lppl l~m call tak? Cnlr t>r

drcollplllla fartora aa laIRp am (), []{]/, wltll tll~ 10 mN

all Pll t Im@ Collntalll , TII@ mvnll C-IVIVI!VI Imll (In of rntll

rt~ll wI II hc de!el,mllled mm ar.c!itatolv am pl)nnlhlm nllll

tll@ oIttlmlz@I wI II he IrtIIII to dmtrlmlne off~plx III [lie

roll heightm mh,lvm tltm mlrll, lnnr r{) IFCIIVP1 tllm IIPWI

tmdllmf l,, tlvc(lilpl IIIM, A Cnlr 111<It It,!! ❑llnwx thdf multlt

●I! Illm!mmlll Wotll,l he nllllvnmrlll. All rllllm tall be

a,l,lllmlrd 2 {m III lIml MIIt ft(,m IIIC ml,ll)lnllr I(I II Illr It

ftll Inllllln Qlll)lm nl!cl Ill r.#1.11111< tllnl)ln,,~mu,o)l I II rabm -

pell~nwo flbl’ r.t, rvlll t II 11,1,11 1!)11 ,)1 ,,OIJI!,,I ,Jlflllll Ill,.
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Table 1

ZTII COIL SENSITIVITY FACTORS

%..lIIv IIv Im.l. rs for . 1 c. Inr, e.s. In R la b.. .8,. .1 9 tlma

Surface devlatloll, whe re I-PIII is represented es a

sln~le filament as discussed shove. An ad hoc planlrla

renletance function wnE chomen BO that I-phi renched 2

HA at the end of inductive energy transfer (’4 Vs nt
i“h CO, l, .1 l-f 1.131 . ..1s .1 1* I 9.. 1 Itln the llner. Fia. 2e). This function ie invereel~

9

I 2 14 I 7

111,0

-46J 5
56 0

Ibbl
10.5

-95.8
-31.0

1.5
1,0

J() 1 .0 1 J? 0 99
11601 1.0 099
10 1 -U 141 1.00
50 3 19 -1.0 IN)

91 -0.5 -.. * I 00
*. I 10 10 1.01

.10. ) IL 0.? 1.01
07 20 72 I.rm
1.1 11 11 lno

Ion
I.(KI
1.(K’

100
].m
o 99
I.cm
1.01
1,00

-268.1 14.3 15 [) 1 1, (WI
-102.4 11.7 08 ?I 1.01

261.0 ?1.9 2.3 -1.6 I (m
110.1 .10.4 19 .0.5 1.00
-10.0 b? .0,1 64 1,00

42.3 1.s 1.0 1 0 o,~4

11.5 7 1 0.9 I I I.(I1
08 11 OH 08 1.(IO
1.1 06 0,7 0,5 1,1-kl

Lou
l.rx-l
1.00
l.cm
Lou
I 01
0 96
Irm
1 (Ml

IC4

1.00
1.CK1

loo
1.00
I.lm
l.rm
0.9?
1.02

1.03
1,00
1 (m

1.00
1.00
1.0+
l.lJl
0.98
1.00

4

I(K

Iw
100
1.CMI

l.rm
1.00
1.00
l.no
0.9)

I,rm
l.m
1,00
1.00
1,00
1,00
1.00
1.02
(1.qu

IBI

I 1,3,,

1,5
1)

0.8
0.0
1.0
1.0
1.0
1.0
In

0.9
0.7
0.9
1.0
I. I

I.o
1,0
10
1,0

m$ll lace
dmvlatlon

1.0

1.0
I ()

II

1,0

1.0

1.0

11

J.]

10
10
1.0
10
09
10
1.0
II
1.2

nnnfixiapnmetrlc effects much an croaeoverm and lead-.

Copper conductor nkln effectn are not included, but

Calculation show tl]nt nkln effects are not ● problem.

A large number of O-D Culham coupled ❑odel oimula-

t :onm were undertaken during the magneticn development

to Inaura that SCR type power muppllea nf reasonable

atze could be used, The clrcoltn program SCAT was

●mployed for all aimulatloqa. Figure 2 mhowa some of

the outputs r,f one stmulntion where muppllen attempt to

m.alntaln n cnnetant planma

following

c“r.ent (2a) of 4 MA

Inductive enrrRy tranmfer and ●ttempt co

maintain n con8tnnt vnlur 01 9 by feedhacl. control of

t he B-phi SCR a~lpply. Fiaure 2C ahowm d, the flux

,.*r —---
7

L
‘1
‘D(d)

*
. .- —.—. ——

-1

* 89s P** lD-!,..s%,)
““ f-- —.1-——1 “1 [—-—l---l-~

proportional to ~-phl (constant renlstive voltage) “and

decreaaes am F paaa~a through zero, characteristic of

ZT-40rl data. Variable I(oh) of Fig. 2g la the OH coil

current , where the four oectiona are In parallel for a

■ ore almple circuit repreeentatim (h times 50 kA at t

- o).

A teat of the magnetlca design was a alm~lation

ualng a model that approxlmaten plaoma ❑otion to

determine if the EF coils and ouppllea control ●quili-

brlum If, for axample, the Shafranov A changea rmpldly.

For thla mods 1 the shell, liner, and plasma are ●ach

reptaeented by 24 paira of Cllamentn or wires, locate
4

oymmetrlcally about the ❑ldplane. The simulation

with reallattcally modeled SCR oupplieo ahowo that flux

surface and ●quilibrium control in obtained with a

olmple feedback algorlthm having o preprogrammed input.

CONCLUSION

A method, davlaed to optimize 7TH OH and EF coil

Iocationn, provides a denlgn that mreta speclflcationa

includlng minimizing comta. Several typea of clrcult

●imulnriona a how that the deoign will be capabla of

hlaam~, boundary flux surface control with EF euppllea

ra~ed at a power level only ●lightly greater than thnc

required to supply resistive loaaen for the maxtmum

current rating of the EF coils. EF coil current tatlng

la 25 per cent graater than the currents required for

●quilibrium at 4 H4 and Shafranov A of -0.1.
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